In this paper, fuel velocity distribution nonuniformity among channels in planar SOFC units under different working conditions is numerically investigated. A comprehensive three-dimensional electrochemical model is validated and then adopted in a cell unit model with structure of a real cell unit. The model couples interdependent process of species transport, heat transport, chemical reaction, electrochemical reaction, ionic conduction and electronic conduction. A nonuniformity index is proposed to quantitatively evaluate nonuniform degree of fuel velocity distribution among channels in the planar SOFC unit. The effect of the fuel velocity distribution nonuniformity on cell performance and the effects of working voltage, flow rate, flow pattern and fuel type on fuel velocity distribution nonuniformity among channels are investigated. The result shows that an increase in fuel velocity distribution nonunifomtiy can lead to a cell performance drop and fuel velocity distribution is less uniform under lower cell voltage, lower flow rate, using co-flow configuration instead of counter-flow or using syngas as fuel instead of hydrogen. In addition, the CO oxidation should be considered when studying the fuel velocity distribution nonuniformity among channels. 
Introduction:
Fuel cells are electrochemical devices which can directly convert chemical energy of fuel into electricity with high efficiency and low pollutant emission [1] . Among different types of fuels cells, planar solid oxide fuel cells (SOFCs) show distinct features of fuel flexibility and potential high power density and thus have been recognized as a promising technology for future medium-sized power generation industry [2] . However, challenges in material, cell geometry design and sealing still remain to be solved before planar SOFC commercialization [3] . One of the major challenges is the geometry design of planar interconnects. Interconnects act both as gas distributor and current collector in a planar SOFC. One aim of the interconnect optimal design is to provide a uniform fuel velocity distribution among channels on anode side to improve cell performance [4] .
Many efforts have been devoted to studying the fuel velocity distribution nonuniformity among channels in planar SOFC and its influence on cell performance. Bi et al. [5] investigated numerically the effects of design parameters such as the channel height and manifold width on fuel velocity distribution nonuniformity among channels. Huang et al. [6] found experimentally that by adding small guide vines in an interconnect, the fuel velocity distribution uniformity among channels could be improved and the power density of the cell could be increased by 10%. Moreover, geometry modifications to improve fuel distribution uniformity among channels have also been proposed by researchers. Dey et al. [3] attached square type distributors on the manifolds to obtain a uniform reactant velocity distribution among channels below the active area. Liu et al. [7] adopted a symmetric bifurcation design of flow channel to gain a uniform flow field. Fuel velocity distribution nonuniformity among channels in planar SOFC unit is recognized as one crucial challenge in SOFC development.
Numerical method is essential to study fuel velocity distribution among channels inside SOFC, since SOFC is tightly sealed and it is hard to experimentally get information inside the cell such as flow velocity, temperature and gas composition. It can be time-saving and cost-effective if the numerical model can predict detailed electrode behavior and help researchers to gain a better understanding of the complex multi-physical process inside the cell. For this purpose, a reliable electrochemical model is required. However, the previous modeling studies on the fuel velocity distribution nonuniformity among channels usually focus on the transport behavior, such as fluid flow and heat transfer, while the very important electrochemical reaction kinetics are treated in a very simple manner, or even neglected.
In this paper, a comprehensive three-dimensional mechanistic model of an anode-supported SOFC unit is developed. Different from the existing models in the literature, the present model fully considers the intricate process of mass transfer, heat transfer, momentum transfer, chemical reaction, electrochemical reaction, ionic conduction and electronic conduction to predict nonuniform flow velocity distribution among channels in a SOFC unit. A validated electrochemical model is coupled with heat and momentum transfer for simulating a cell unit with real geometry. A quantitative index of nonuniformity is proposed to compare fuel velocity distribution nonuniformity among channels in different working conditions. Influence of fuel velocity nonuniformity among channels on cell performance and influence of working conditions such as working voltage, flow rate, flow pattern and fuel type on fuel velocity distribution nonuniformity among channels are studied. The results are compared with similar study.
Model development

Geometry and mesh
A sketch of a typical planar SOFC unit is shown in Fig. 1 Fig .1 . A sketch of a planar SOFC unit.
As can be seen from Fig.1 , a typical planar SOFC unit consists of positive electrode-electrolyte-negative electrode (PEN), a cell panel for support and interconnects to distribute gas and collect current. The key geometry parameters are listed in Table 1 . It should be noted that the widths of the channels are not the same. The widths of the two channels on the up and down side are 4 mm while widths of channels in the middle are 8 mm.
The mesh is refined at the anode/electrolyte interface. There are 133920 hexahedrons in the cell unit. The mesh arrangement is from a former study by Wang et al. [8] It should be noted that the channel is a cavity instead of an entity, which is created by the rib structure on interconnect.
Reactions involved
The involved reactions are listed in Table. 2. (1) Steady state; (2) Fuel and oxidation are approximated as ideal gases and gas mixture physical properties are estimated according to ideal gas mixing law; (3) Ionic and electronic conductor are continuous and homogeneous, thus the reaction active sites are uniformly distributed in the electrode; (4) Pressure gradient in the porous flow is neglected; (5) Since the electrochemical reaction process of CO is similar to H2 [9, 10] . It is assumed that the reaction kinetics of CO and H2 take the same form and the only difference is the parameter value. (6) The cell is thermally isolated from circumstance except for heat exchange at the isothermal inlets and outlets of the gas channel; (7) All the irreversible reaction heat is generated in the anode; (8) Radiation heat exchange between PEN and interconnects is neglected; (9) Flow is laminar in gas channels and electrodes; (10) Water gas shift reaction in the fuel channel is neglected; (11) Heat convection is neglected in porous electrode; (12) Local thermal equilibrium is assumed in the porous electrodes;
Governing equations
Considering the complexity of SOFC channel geometry, commercial CFD software Fluent TM is chosen as the simulation platform as the accuracy of the software is widely demonstrated [11] . By adding sub-routines to calculate the electric field and relevant reactions, the governing model is verified and capable of solving the multi-physical process.
Charge balance
The charge balance domains include anode, electrolyte, cathode and interconnects. Both oxygen ions and electrons are served as charge carriers in electrode while ions are the only conductive particles in electrolyte and electrons are the only conductive particles in interconnects. The governing equations for charge balance are summarized in Table. 3. 
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According to Costamagna's study [13] , the error caused by using Eq. (10) is less than 5%. η is local over potential, which can be obtained with equation (11):
Vref is the potential difference between the electronic and ionic potential at the open circuit state. By setting ideal reference potential difference at anode to zero and considering the effect of gas concentration, the local overpotential for H2, CO can be formulated as below:
Effects of O2 concentration and temperature are considered in cathode and the overpotential can be obtained as:
where E 0 H2 and E 0 co are ideal Nernst potential and can be calculated as:
i0 is the exchange current density, which can be formulated as below [14] 
pO2,an and pO2,ca are oxygen partial pressure at anode and cathode, respectively. By assuming chemical equivalence state in anode, pO2,an can be obtained by equation (22):
,
βan,H2, βan,CO, βca,H2, βca,CO and τ are the adjustable parameters for fitting the experimental data.
Mass balance
The mass balance domains include anode, cathode and gas channels. In anode, electrochemical reactions for H2 and CO as well as water gas shift reactions are considered while only electrochemical reaction for O2 is considered in cathode. Since water gas shift reaction is neglected in the fuel channel, there is no mass source term in gas channels. The governing equations for mass balance are summarized in Table. 4. 
As can be seen from Table. 4, gas diffusion in porous electrodes is described by Fick's law. D eff i,k is the effective diffusivity between specie i and k. In this paper, D eff i,k is approximated as a function of electrode porosity, tortuosity factor and binary diffusion coefficient [15] , which can be determined using expression by Fuller et al. [16] :
0.00143
where ε is the electrode porosity and τ is the tortuosity factor. By adjusting the value of τ, effects of Knudsen diffusion and surface diffusion in the porous electrode are included in the diffusion model. Obviously, ε/τ is equal to 1 in the channels. where
here Mi and Mk: molar mass of specie i and k; Vi and Vk: special Fuller diffusion volume. The expression for Di,k is simplified as a linearized function of temperature in the simulation process.
rshift is the reaction rate of water gas shift reaction and can be formulated as below [17] :
where Kshift is the equilibrium constant of water gas shift reaction and can be formulated as below :
where 1000 1
kshift is the reaction rate of water gas shift reaction and can be formulated as below:
Momentum balance
In gas channels, the laminar flow is described by the Navier-Stokes equation, while flow in porous electrodes is described by Darcy's law. The governing equations are listed in Table. 5. 
Energy balance
Since radiative heat transfer is neglected in the model, the heat is conducted only via heat conduction and heat convection. Heat source results from three parts: chemical reaction heat, electrochemical reaction heat and ohmic heat. The governing equation for all domains are shown in Table. 6. 
It should be noted that the heat sources are reduced to 10% to accelerate the simulation process.
Parameter settings
The material parameters are listed in Table. 7. In this paper, the cell panel uses the same material as the interconnects. A button cell using hydrogen and syngas as fuel is simulated and the result is compared with the corresponding experiment data to validate the electrochemical model.
Average current density in electrolyte at a specified cell voltage is calculated and compared with corresponding experimental data. Considering the current distribution, the average current density can be obtained using equation as below [19] where iavg is the average ionic current density. By changing cell voltage over and calculate corresponding iavg, a full polarization curve can be obtained.
The adjustable parameters include βan,H2, βan,CO, βca,H2, βca,CO and τ. Their values are adjusted to fit the simulated polarization curve with experimental data. The values of adjustable parameters are listed in Table. 8.
It should be noted that the ratios of the adjustable parameters on the same fuel were kept as constants from literature [19] in the validation process. Then, by varying the operating temperature while keeping adjustable parameter constants, polarization curves at different temperatures can be obtained.
In the validation process, the cell voltage is varied from 0.3V to 1.0V, which is a usual range for a cell unit working voltage. Fig.3 . Model validation using hydrogen and syngas as fuel at the same temperature.
As can been seen from Fig.2 and Fig.3 , the simulation results are in good agreement with the experimental data, especially when cell voltage is between 0.3V and 0.9V, where the biggest error is less than 11%.
Nonuniformity index
To quantitatively evaluate and compare degrees of fuel velocity distribution nonuniformity among channels in a planar SOFC unit, a nonuniformity index is required. In this paper, the coefficient of variation of velocity magnitudes at the centers of each channel inlet is adopted as the nonuniformity index. Coefficient of variation (CV) is a dimensionless number which measures dispersion of a distribution and is capable of comparing dispersion degrees of distributions with different mean values. The definition of coefficient of variation is shown below:
where ui is the velocity magnitude at the center of channel i. n is the total number of the channels concerned. For the 10-channel interconnect in this paper: 10 n = (52) STD is the standard deviation of ui, defined as:
Result and discussion
Degrees of fuel velocity distributions nonuniformity among channels in different cases are obtained and compared. The effect of fuel velocity distribution nonuniformity among channels on cell performance and the effects of reaction, working voltage, flow rate, flow pattern and fuel composition on fuel velocity distribution nonuniformity are investigated.
Base case simulation result
Operating condition
Operating conditions in base case are listed in Table. 9. Fig.4 shows the velocity magnitude distribution in the anodic channel. The fuel enters the anodic channel from the single inlet on the left, flows across 10 channels and leaves the fuel channel through two outlets on the right. It can be seen that the velocity magnitude increases along flow direction. The highest velocity appears at the corner of the outlets. It can also be observed from Fig.4 that the fuel velocity distribution among the channels is not uniform. 
Species distribution
Fig .6 shows the mole fraction distribution of specie H2, H2O, CO and CO2. As can be seen, the mole fraction of H2 decreases along the channel due to the electrochemical consumption. The mole distribution of CO is similar to H2 while mole fraction of H2O and CO2 increase monotonically along the channel. The specie distributions are affected by the nonuniform fuel distribution: higher fuel velocity in channel 3 and 8 leads to the higher reactant mole fraction and lower product mole fraction. The consumption rates of the reactants and the formation rates of the products are different in each channel due to the nonuniform fuel velocity distribution among channels. The fuel utilization rate for H2 and CO are 39.6% and 74.1%, respectively. The higher fuel utilization rate for CO could be attributed to the water gas shift reaction. Fig.7 is the current density distribution in the middle section of the electrolyte. It can be seen from Fig.7 that the current density is different in the electrolyte region over different channels due to the nonuniform fuel velocity distribution among channels. Higher fuel velocity in channel 3 and 8 side leads to higher current density. It is also shown in the figure that current density in region over fuel channels is higher than the region over center line interconnect ribs, which can be explained by the low fuel concentration in the anode region over anode/interconnect interface due to large diffusion resistance. It should be noted that the highest current density appears in the region above the edge of interconnects upstream since the current collection and gas diffusion are both easier in this region. On the other hand, current density is higher in the electrolyte region over upstream anodic channel, since the fuel concentration is higher in the region. The average current density in the electrolyte is 567 A.m -2 which is only 21% of the current density in button cell under the same voltage. The reason is the low fuel concentration in anode region over the interconnect downstream. The low fuel concentration can actually increase the anode reference potential difference, which in turn yields lower local current density. 8 shows the temperature distribution on the cathodic interconnect. As can be seen, the temperature is lower near the air entrance since the major cooling source for the cell unit is the excess air. Also, the temperature of the region near fuel inlet is lower than of the surrounding region. The temperature difference in Y direction is due to the nonuniform fuel velocity distribution among channels. In the middle region of the interconnect, higher fuel velocity in channel 3 and 8 leads to higher temperature. The largest temperature gradient appears in the region near cathodic channel inlet. The maximum temperature gradient in the interconnect is 436 K.m -1 . To investigate the effect of fuel velocity distribution nonuniformity among channels on cell performance, a contracting case with one anodic channel outlet blocked is studied.
Current density distribution
The fuel velocity distribution of the base case and the contracting case is shown in Fig.9 . As can be seen from the Fig.9 , the fuel velocity distribution becomes less uniform when blocking one anodic channel outlet due to the velocity drop of the channels close to the blocked outlet and the velocity increase of the channels close to the unblocked outlet. Since other working conditions such as working voltage and flow rate are kept the same, the effect of the fuel distribution nonuniformity can be obtained by comparing case 0 and base case. The result is shown in Table. 10. As can be seen from Table. 10, CV in case 0 is 7 times higher than in base case, indicating a significant increase in fuel velocity distribution nonuniformity among channels. The fuel distribution nonuniformity increase leads to 5.6% decrease in average current density as well as 2.8% and 4.5% decrease in fuel utilization rate for H2 and CO, respectively. Also, the more nonuniform fuel flow field leads to a higher maximum local temperature gradient and thus higher maximum local thermal stress, which may shorten SOFC unit life in the long-term operation.
Fuel velocity distribution nonuniformity among channels in different working conditions
To study the effects of reaction, working voltage, flow pattern, flow rate and fuel type on fuel velocity distribution nonuniformity among channels, sets of contrasting cases are investigated. By comparing nonuniformity indexes of the contrasting cases, factors which may affect the fuel velocity distribution nonuniformity among channels are identified and discussed.
Effect of reaction on fuel velocity distribution nonuniformity among channels
A cell unit using the same fuel as in base case but has no reaction is simulated and compared with base case, as shown in Table. 11: All parameters in case 1 are kept the same with in base case except that no reaction is considered.
CV in base case is larger than in case 1, indicating that the reaction will increase fuel velocity distribution nonuniformity among channels in a cell unit.
Effect of working voltage on fuel velocity distribution nonuniformity among channels
Cell units with different cell voltages are simulated and compared, as shown in Table. 12: Cell voltage in case 2 is lower than in base case while cell voltage in case 3 is higher. As can be observed from Table. 12, average current density and fuel utilization rates for both H2 and CO increase with decreasing cell voltage. Higher CV value in lower cell voltage condition suggests a less uniform fuel velocity distribution among channels while larger maximum temperature gradient suggests a larger maximum local thermal stress.
Effect of flow rate on fuel velocity distribution nonuniformity among channels
Cell units with different flow rates are simulated and compared, as shown in Table. 13: Flow rates of fuel and oxidant in case 4 are about 80% of the flow rates in base case while flow rates in case 5 are 120%. It can be seen from Table. 13 that with the increasing flow rates, average current density in electrolyte increases while fuel utilization rates for both H2 and CO decrease. With increasing flow rates, STD increases but CV decreases, which suggests that absolute dispersion of the velocity increases but relative dispersion decreases. Since relative flow rate difference is more concerned in this paper, the fuel velocity distribution among channels is thought to be less uniform with lower flow rates. In addition, the maximum temperature gradient increases with increasing flow rates, indicating a larger maximum local thermal stress in interconnect.
3.3.4 Effect of flow pattern on fuel velocity distribution nonuniformity among channels A co-flow SOFC unit with the opposite fuel flow direction from base case is simulated and compared with base case and the result is shown in Table. 14: All parameters in case 6 are kept the same with in base case except for the opposite fuel flow direction.
As can be seen from Table. 14, in the co-flow case, the fuel velocity distribution among channels is less uniform and the current density is 1.25% lower than in the counter-flow case. However, the counter-flow SOFC unit might suffer from a larger maximum local thermal stress, since the maximum temperature gradient is 15% higher than in the co-flow case.
Effect of fuel types on fuel velocity distribution nonuniformity among channels
A cell unit using hydrogen as fuel is simulated and compared with base case, as shown in Table. 15: H2 is used as fuel in case 7 and the fuel mass flow rate is adjusted to ensure the same fuel inlet velocity as in base case while other conditions remain the same. Table.15 shows that, average current density in case 7 is higher than in base case. Moreover, CV value and maximum temperature gradient are lower in case 7, which indicate a less nonuniform fuel velocity distribution among channels and smaller maximum local thermal stress.
Comparison with similar work
Huang et al [4] have done similar research on fuel velocity distribution nonuniformity among channels with different interconnects and in different working conditions. The degree of fuel velocity nonuniformity among channels is measure by percentage of uniformity, which is defined as:
where ui is the fuel velocity of channel i. n is the total number of the channels concerned. The similar nonuniformity index makes the simulation result comparable with in this paper. Huang neglects the electrochemical oxidation of CO and only considers water gas shift reaction and H2 electrochemical oxidation. The result shows that the percentage of uniformity decreases with increasing flow rates, which is opposite to the conclusion in this subsection 3.3.3.
To study the effect of CO oxidation on the change of percentage of uniformity against fuel flow rate, contracting cases with and without CO oxidation are studied. The flow rates are kept the same as in subsection 3.3.3. The results of the contracting cases and Huang's work are shown in Fig.10 . 
where u is the average velocity at the fuel channel inlet; d is the fuel channel inlet width and μ is the dynamic viscosity of the fuel. As can been seen from Fig.10 , when neglecting CO oxidation, the percentage of uniformity decreases when Re increases, which is in accord with Huang's conclusion. However, when considering CO oxidation, the percentage of uniformity increases when Re increases. which is opposite to Huang's conclusion. Therefore, the CO oxidation has a significant influence on fuel velocity distribution nonuniformity among channels and should be considered when studying the fuel velocity distribution nonuniformity among channels.
Conclusions
In this paper, a comprehensive three-dimensional mechanistic model of an anode-supported SOFC unit was presented. The model coupled the intricate process of mass transfer, heat transfer, momentum transfer, reaction, electrochemical reaction, ionic conduction and electronic conduction to predict nonuniform flow velocity distribution among channels. A planar SOFC unit model with real cell geometry was developed by coupling heat and momentum transfer with a validated electrochemical model. A nonuniformity index was proposed to evaluate and compare fuel velocity distribution nonuniformity among channels in different working conditions. Effect of fuel velocity nonunifomtiy among channels on cell performance and effects of working condition such as working voltage, flow rate, flow-pattern and fuel type on fuel velocity distribution nonuniformity among channels were numerically investigated. The results were compared with similar study.
It was found that an increase in fuel velocity distribution nonuniformity among channels could lead to a decrease in cell performance and an increase in maximum local thermal stress. It was also found that the fuel velocity distribution was less uniform with lower working voltage, lower flow rate, using co-flow configuration instead of counter-flow or using syngas as fuel instead of hydrogen. Therefore, when designing a SOFC fuel channel, if the cell unit is supposed to work under low cell voltage or low flow rate, the channel designers should pay extra attention to the fuel velocity distribution nonuniformity among channels. Also, when choosing flow pattern or fuel type, fuel distribution nonuniformity should be a selection criterion. In addition, CO oxidation should not be neglected when studying fuel velocity distribution nonuniformity among channels. The paper provided a tool to quantitatively measure and compare degrees of fuel velocity distribution nonuniformity among channels in a SOFC unit in different working conditions.
